h Viral pneumonia has been frequently reported during early stages of influenza virus pandemics and in many human cases of highly pathogenic avian influenza (HPAI) H5N1 virus infection. To better understand the pathogenesis of this disease, we produced nonlethal viral pneumonia in rhesus macaques by using an HPAI H5N1 virus (A/Anhui/2/2005; referred to as Anhui/2). Infected macaques were monitored for 14 days, and tissue samples were collected at 6 time points for virologic, histopathologic, and transcriptomic analyses. Anhui/2 efficiently replicated in the lung from 12 h to 3 days postinfection (p.i.) and caused temporal but severe pneumonia that began to resolve by day 14. Lung transcriptional changes were first observed at 6 h, and increased expression of vascular permeability regulators and neutrophil chemoattractants correlated with increased serum leakage and neutrophil infiltration in situ. Additional inflammatory, antiviral, and apoptotic genes were upregulated from 12 h, concurrent with viral antigen detection and increasing immune cell populations. A shift toward upregulation of acquired immunity was apparent after day 6. Expression levels of established immune cell molecular markers revealed remarkable similarity with pathological findings, indicating early and robust neutrophil infiltration, a slight delay in macrophage accumulation, and abundant late populations of T lymphocytes. We also characterized the putative mechanisms regulating a unique, pneumonia-associated biphasic fever pattern. Thus, this study is the first to use a comprehensive and integrative approach to delineate specific molecular mechanisms regulating influenza virus-induced pneumonia in nonhuman primates, an important first step toward better management of human influenza virus disease.
I
n the last 100 years, four influenza virus pandemics have occurred in humans, resulting in widespread disease and severe loss of life. These include the 1918 Spanish influenza virus (H1N1; estimated 50 million deaths), 1957 Asian influenza virus (H2N2; estimated 2 million deaths), 1968 Hong Kong influenza virus (H3N2; estimated 1 million deaths), and most recently the 2009 swine-derived H1N1 influenza virus, which is responsible for more than 18,000 deaths to date (50, 53) . In addition, since 1997, increasing numbers of humans have been infected with highly pathogenic avian influenza (HPAI) H5N1 viruses, with mortality occurring in nearly 60% of confirmed cases (51) . Continued circulation and evolution of HPAI H5N1 viruses in wild birds and poultry populations, combined with sporadic human infections, makes the possibility of an HPAI H5N1 pandemic both tangible and alarming. To better prepare for future influenza virus pandemics and develop more effective prevention and intervention methods, a comprehensive understanding of virus-induced disease pathology is necessary.
One mutual feature of pandemic and HPAI H5N1 viruses is their ability to induce pure viral pneumonia in humans, a complication that is only rarely observed with seasonal influenza virus infections. Historical records indicate that humans suffered from viral pneumonia in the early phases of past pandemics more commonly than humans infected with seasonal viruses (21) . Some patients infected with the 2009 pandemic H1N1 virus developed viral pneumonia characterized by severe alveolar damage (5, 13, 40, 48) . Moreover, severe viral pneumonia is the most common complication of HPAI H5N1 virus infections and is a contributing factor in HPAI H5N1-induced mortality (4, 6, 12, 23, 38, 55) . Influenza viruses with the potential to cause viral pneumonia in humans can establish infection in the lungs of mammalian models (i.e., mice, ferrets, and nonhuman primates [NHP] ) (20, 24, 42, 49, 57) , and studies in these models have yielded important discoveries about viral pathogenicity determinants and key host response events contributing to pathogenic mechanisms (2, 3, 9, 11, 17, 26, 30) . However, the available data do not permit a complete understanding of the course of viral pneumonia, from the initial exposure phase through recovery. We therefore first established a rhesus macaque model of nonlethal influenza virus pneumonia using an HPAI H5N1 virus and then studied the host response at the clinical, cellular, and molecular levels to create an integrative portrait of pneumonia-induced pathogenesis. Our results facilitated the discovery of key differences between sublethal and lethal influenza virus pneumonia and further identified key host response mechanisms regulating early inflammatory cell lung infiltration and fever.
MATERIALS AND METHODS

Cells and virus.
Madin-Darby canine kidney (MDCK) cells were maintained in minimal essential medium (MEM) containing 5% newborn calf serum at 37°C in 5% CO 2 . Influenza A/Anhui/2/2005 (H5N1; referred to as Anhui/2), a clade 2.3 HPAI virus, was isolated from the bronchial secretions of a patient with a fatal outcome in the Anhui province in China in 2005 (15, 33, 44, 54) . Virus stocks were prepared in MDCK cells and titers were determined using the 50% egg infectious dose (EID 50 ) method (41) .
Macaque infection. Thirteen colony-bred male or female rhesus macaques (Macaca mulatta), 2.5 to 3.5 years old and ranging in weight from 2.8 to 4.4 kg, were used for experiments described here. Twelve macaques were individually placed under negative pressure and were infected intratracheally with 10 7 EID 50 of Anhui/2 in 4 ml of phosphate-buffered saline (PBS). At 6 h, 12 h, 1 day, 3 days, 6 days, and 14 days postinfection (p.i.), two animals per time point were euthanized under anesthesia and necropsies were performed. Tissue samples were collected from oro/nasopharynx, lungs, bronchi, trachea, brain (cerebellum, cerebrum, and brain stems were collected separately), tonsils, liver, spleen, kidneys, heart, and colon and were either (i) stored at Ϫ80°C for virus titration, (ii) fixed in 10% neutral-buffered formalin for histological analysis and immunohistochemistry, or (iii) stored in RNAlater (Ambion, Austin, TX) at Ϫ80°C for RNA analyses. For all surviving animals at each time point, clinical symptoms (e.g., loss of appetite and lethargy) were monitored twice daily, body temperatures (T B ) were recorded daily, and whole-blood samples (2 ml) were collected from the basilic vein (using K2 EDTA venous blood collection tubes; BD, Franklin Lakes, NJ) on days 0, 2, 3, 4, 6, 9, 12, and 14 p.i. The remaining macaque (mock infected) was inoculated with 4 ml of PBS intratracheally and euthanized at 6 h p.i. Lung tissues from the mockinfected animal were collected and stored as just described.
Hematology and detection of influenza virus-specific antibodies. Analysis of peripheral blood hematology was conducted using a Cell-dyn 1200 analyzer (Abbott Laboratories, IL). For detection of influenza virusspecific antibodies, serum samples collected from macaque 11 (M11) and M12 (both euthanized on day 14) were pretreated with receptor-destroying enzyme (to eliminate inhibitors of hemagglutination) and assayed by either hemagglutination inhibition or serum neutralization tests.
Virus titration. Tissue samples were thawed, weighed, and homogenized in 1 ml PBS (containing 1,000 units/ml penicillin and 1,000 g/ml streptomycin) using a TissueLyser II homogenizer (Qiagen, Germany; 25 Hz for 5 min). Resultant homogenates were centrifuged at 2,000 rpm for 10 min, and then 10-fold serial dilutions of the suspensions were inoculated into 10-day-old embryonated chicken eggs for virus titration. Virus titers were calculated by the method of Reed and Muench (41) .
Bacterial isolation and pathogenicity analysis. Lung tissues were homogenized in PBS (0.1g/ml), and 100 l was inoculated onto blood agar plates. After 48 h of incubation at 37°C under aerobic conditions, typical colonies were picked and amplified in Luria-Bertani broth. Subsequently, 6-week-old BALB/c mice were intraperitoneally inoculated with 100 l of the amplified bacteria and were monitored by mortality and body weight loss over 14 days. Bacterial species were identified by 16S rRNA sequencing.
Pathological analysis.
Tissue samples preserved in 10% neutral-buffered formalin were processed for routine paraffin embedding. Five-microliter sections were stained with hematoxylin and eosin, and additional sections were cut for immunohistological staining with rabbit polyclonal antiserum against an H5N1 virus (A/Vietnam/1203/04). Specific antigenantibody reactions were visualized by using the Dako EnVision system, with 3,3= diaminobenzidine tetrahydrochloride (Dako Japan Inc., Tokyo, Japan).
qPCR. cDNA was generated for equal amounts of total RNA from infected macaque lungs using the QuantiTect reverse transcription (RT) kit (Qiagen Inc., Valencia, CA), and the levels of hemagglutinin subtype 5 (H5 HA) and matrix (M) gene viral RNAs were determined by quantitative real-time reverse transcriptase PCR (qPCR) using an ABI 7500 PCR system and TaqMan chemistry (Applied Biosystems, Foster City, CA). Differences in gene expression were represented as log 10 relative quantity (RQ), relative to a calibrator and normalized to a reference, using the 2 Ϫ⌬⌬CT method (35) . Primer sequences are available upon request.
Microarray analysis. Total RNA was extracted from lung tissues using an RNeasy minikit (Qiagen, Hilden, Germany), and equal amounts of RNA were subjected to amplification with the low RNA input linear amplification kit (Agilent Technologies, Santa Clara, CA), according to the manufacturer's recommendations. Probe labeling and microarray slide hybridization were performed as described elsewhere (27) , using custom rhesus macaque oligonucleotide microarrays containing 22,000 probes corresponding to 18,000 unique genes (Agilent Technologies). Individual microarrays were performed for each infected lung tissue sample, and for comparison, three separate samples from the same mock-infected lung were pooled prior to microarray analysis. Slides were scanned with an Agilent DNA microarray scanner, and image data were processed using Agilent Feature Extractor version 8.1.1.1. Raw data were imported into a custom-designed laboratory information management system and then into Rosetta Resolver 7.2 (Rosetta Biosoftware, Seattle, WA) for subsequent analysis. Gene expression changes after infection were determined by comparing probe intensity values from infected lung tissues with that of the pooled mock-infected tissue, using the Rosetta Resolver 7.2 software. Primary gene expression data are available at http://viromics .washington.edu and are in accordance with proposed MIAME standards.
Cluster analysis. Correlated temporal gene expression pattern groups (i.e., "clusters") were identified from differentially expressed genes (defined as having an absolute log 10 fold change of 0.3) by hierarchical clustering according to Eisen's method (14) . Gene clusters were further analyzed for representative functions using Gene Ontology (GO) (http://www.geneontology.org/), and we required a P value of 0.01 for identification of significant molecular function (MF), biological process (BP), or cellular component (CC) GO annotations. Molecular network analysis was conducted using KeyMolnet Lite (IMMD Inc., Tokyo, Japan).
Assessment of cytokine and chemokine protein levels in serum and lung tissues. Cytokine and chemokine concentrations in serum and lungs were determined using the MILLIPLEX MAP nonhuman primate cytokine magnetic bead panel kit (Millipore, Billerica, MA) and a Luminex detection system (Luminex Corporation, TX), according to the manufacturer's instructions. For this, lung tissues were prepared by homogenization in PBS (1 g tissue per 2 ml PBS) followed by centrifugation (300 ϫ g for 10 min). Resultant supernatants were irradiated with UV light by using a CL-100 UV cross-linker (UVP, Inc., Upland, CA) for 10 min (6 ϫ 10 5 J/cm 2 ) to inactivate the virus. Supernatant protein concentrations were then determined using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific Inc., MA), and supernatants were diluted with the assay diluent to a final protein concentration of 5,000 g/ml.
Biosafety and ethical statements. All experiments using the Anhui/2 virus were performed in a biosafety level 3ϩ containment laboratory, approved by the Chinese Ministry of Agriculture, in Harbin Veterinary Research Institute in China. All animal studies were approved by the Re-view Board of Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences. ) and peripheral blood hematological profiles were monitored over a 14-day time course, and we also collected upper and lower respiratory tissues for virus titration and detailed histopathological and microarray analyses at 6 h, 12 h, 1 d, 3 days, 6 days, and 14 days postinfection (p.i.).
RESULTS
Rhesus macaques infected with influenza
T B measured 24 h before the start of the experiment revealed a range of values among the macaque cohort (Fig. 1A) . However, infected animals exhibited a uniform spike in T B (i.e., fever) at 1 to 2 days p.i., a subsequent retraction in T B , and a second fever at days 5 to 6 p.i. (Fig. 1A) . Following the second fever, macaque T B decreased and returned to a level similar to initial measurements by 14 days p.i. Apparently coinciding with increased T B , lymphopenia occurred at days 2 and 6 p.i. (Fig. 1B ; see also Table S1 in the supplemental material). Lymphopenia has been observed in cynomolgus macaques infected with influenza virus (2); however, the biphasic fever pattern has not been described in any other influenza virus infection model. Additional hematological analyses indicated early (2-day) and late (12-day) peripheral granulocytosis and increased platelet numbers on days 9 and 12 p.i. (see Table S1 ), while serum neutralization and hemagglutination inhibition assays indicated the production of influenza virus-specific antibodies by day 12 (Fig. 2) . Most macaques infected with Anhui/2 exhibited some loss of appetite and/or reduced mental status through day 6 p.i. (data not shown), but no animals died over the course of the experiment. These observations indicated that Anhui/2 efficiently induced clinical disease in infected macaques and further implied that disease began to resolve by 14 days p.i.
Virus was isolated from respiratory tissues (i.e., trachea, bronchus, and lung) from 6 h through 6 days p.i. but could not be detected in any of these tissues on day 14 p.i. (Table 1 ). In general, replication was efficient both in the upper respiratory tract (trachea and bronchus) and in all lobes of the lung, and virus titers peaked from 12 to 24 h p.i. The highest viral load was carried in the lungs (relative to other respiratory tissues), where titers reached 6.8 log 10 50% egg infectious dose (EID 50 )/ml. No virus could be detected at any time points in any other tissues (i.e., heart, spleen, kidneys, liver, colon, brain, or blood) except for tonsils, where low virus titers were observed only on day 14 p.i. (M11, 4.0 log 10 EID 50 /ml; M12, 3.25 log 10 EID 50 /ml). Therefore, Anhui/2 replicates primarily in respiratory tissues, especially in the lungs, of rhesus macaques and does not undergo viremia or become disseminated to extrarespiratory sites other than the tonsils.
It is well established that influenza virus infection predisposes infected individuals to bacterial superinfection by multiple species (e.g., Staphylococcus aureus, Haemophilus influenzae, Streptococcus species), and this can cause combined viral/bacterial pneumonia or postviral pneumonia (47) . To exclude this possibility in our model, we examined six lung tissue samples (3 from the right lung and 3 from the left lung) from each macaque for the presence of pathogenic bacterial species. We did not isolate any of the typical S1 in the supplemental material). When each of these bacterial isolates-derived from the macaque lung tissueswas inoculated into mice, no pathogenic phenotype could be observed (data not shown). Thus, viral replication in the lungs in the absence of complicating bacterial coinfection, combined with the observed clinical symptoms (fever, lethargy, and lymphopenia), suggested that Anhui/2 could induce sublethal viral pneumonia in rhesus macaques.
Comprehensive pathological evaluation of Anhui/2-induced pneumonia in rhesus macaques. To understand the kinetics of the host response and pathogenesis associated with Anhui/2 infections, we performed a systematic histopathological examination of infected lung tissues over the 14-day time course. Specific features of this analysis are described below, and we also show a graphical summary of microscopic findings for each time point in Fig. 3 .
Despite the lack of gross pneumonic lesions at 6 h p.i. (Fig.  3Ai) , we observed minor biological reactions at the microscopic level. Specifically, there was evidence for neutrophilic bronchiolitis; bronchiolar coinfiltration of a small number of eosinophils, macrophages, and lymphocytes; and a low level of serum leakage ( Fig. 3Aii and iii) . We also observed eosinophilic bronchitis and perivascular infiltration of eosinophils (Fig. 3Aiii) . These observations provide clear evidence of an early, nonspecific inflammatory response, dominated by neutrophils, and it is notable that this occurred in the absence of detectable viral antigen (Fig. 3Aiii) . It seems likely that viral recognition by initial target cells results in the rapid production of factors that promote recruitment of various leukocytes into the bronchioles. Indeed, the early bronchiolar inflammatory influx suggests that this is the primary site of virus replication.
At 12 h p.i., significant viral antigen expression occurred in type II pneumocytes, Clara cells, and a few bronchial epithelial cells (Fig. 3Bii) . Most of the infected cells were near bronchiolealveolar junctions, in the same regions where inflammatory infiltrates were initially observed at 6 h p.i. In addition to bronchiolitis, we observed lymphocyte recruitment from bronchiole-associated lymphoid tissue and margination of leukocytes in the vasculature (Fig. 3Biii) . By 24 h p.i., the inflammatory reaction increased. Besides the histological findings from the previous time point, we also observed prominent accumulation of neutrophils and macrophages with apoptotic cell debris in the bronchial lumen ( Fig.  3Cii and iii) . At this time point, antigen-positive cells were present not only in bronchiole-alveolar junctions but also in the peribronchiolar alveolus (Fig. 3Cii) , and viral antigen was detected in both type II (Fig. 3Cii, arrowhead) and type I (Fig. 3Cii, arrow) pneumocytes. Prominent detection of viral antigens in multiple cell types between 12 and 24 h p.i. indicates efficient early viral replication and is consistent with the abundant levels of virus isolated from infected lungs at the same time points (Table 1 ). In addition, it is likely that increased apoptosis and inflammatory cell infiltrates are a direct consequence of the high levels of virus replication.
On day 3 p.i., significant gross pneumonic lesions were observed, roughly more proximal than distal to the trachea and bronchi (Fig. 3Di) . At this time, peribronchiolar alveolitis and lung edema were significant (Fig. 3Dii) , viral antigens were prominently observed (only in type I pneumocytes) in the alveolus (Fig.  3Dii, inset) , and mitotic alveolar cells were scattered in the lesion (Fig. 3Diii) . No leukocyte margination in the vasculature occurred. Gross lesions continued to be apparent at 6 days p.i. (Fig.  3Ei) , and most of the alveolar spaces were filled with edema fluid, macrophages, lymphocytes, neutrophils, and cell debris from apoptotic cells (Fig. 3Eii) . Some consolidation was apparent in the peribronchiolar alveolus (Fig. 3Eii) , and scant viral antigens per- 
a M0 was a mock-infected animal. b log 10 EID 50 /ml. c Ͻ, not detected; ND, not determined.
Shinya et al.
sisted only in alveolar type I pneumocytes (Fig. 3Eiii) . Simultaneously, mitotic epithelial cells were frequently observed, and peribronchial lymph follicles were enlarged (Fig. 3Eiii) .
Although gross pneumonic lesions were still observed on day 14 p.i., they were partially cicatrical in appearance (Fig.  3Fi) , indicating that some tissue healing processes had occurred. Parts of the lung contained consolidated alveolus infiltrated by macrophages, lymphocytes, and plasma cells in the absence of viral antigen; overall, the presence of edema was negligible ( Fig. 3Fii and iii) . Additional observations included thickening of the alveolar walls, infiltration of foamy macrophages, and enlarged peribronchial lymph follicles containing many mitotic cells (Fig. 3Fii and iii) .
All together, these pathological findings indicated that rhesus macaques exposed to Anhui/2 were actively infected and showed progressive pneumonia until 3 days p.i. Anhui/2 initially targeted cells at the boundary between the bronchioles and the alveolus, and inflammatory infiltrates were first observed in this region at 6 h p.i., in the absence of viral antigen detection. Subsequently, prominent viral replication and spread into the alveoli resulted in increasing immune cell infiltration and inflammation of the peribronchiolar-alveolar regions. By day 6 postinfection, Anhui/2-induced pneumonia began to regress, concurrent with diminished viral replication and the appearance of some signs of immune response resolution. Finally, by 14 days p.i., while some immune cells were retained in the infected regions of the lung, evidence of regeneration was prominent. Dynamic global host transcriptional response of Anhui/2-infected rhesus macaque lung. To gain a more detailed understanding of the host response to Anhui/2 infection, we next analyzed total RNA from lung tissues from two rhesus macaques for each time point using microarrays. Somewhat unexpectedly, there was significant variation in the global gene expression profiles for samples collected from the same time point. This was likely a result of localized differences in virus levels, since variation in host gene expression directly correlated with viral RNA load (HA and M1) in the same samples (see Fig. S2 in the supplemental material). Therefore, for further analysis, we selected individual samples containing sufficient viral RNA levels to serve as a representative for each time point (see Fig. S2 , arrows). Differentially expressed (DE) genes (defined as those exhibiting a Ϯ2-fold change relative to the mock-infected control) were first observed at 6 h p.i. (1,894 genes), peaked at 3 days p.i. (5,235 genes), and exhibited a reduction at the remaining time points (see Fig. S3 in the supplemental material). The increasing level of differential gene expression between 6 h and 3 days p.i. is consistent with increasing immune cell infiltrates and inflammation (Fig. 3A to  D) , and the subsequent regression in the amount of DE genes (e.g., 2,822 DE genes at 14 days p.i.) occurred in parallel with reduced inflammation (Fig. 3) . In total, these data implied that microarray analysis of lung tissue generally reflected the host response over the infection time course, as described in detail in the histopathological examination (Fig. 3) .
To acquire more specific insight into the host response to Anhui/2 in rhesus macaque lung, we next used hierarchical clustering to identify groups of differentially expressed genes (Ն2-fold change relative to mock) exhibiting similar global expression profiles (referred to as "wave patterns"). We reasoned that gene clusters exhibiting wave patterns that correlated with specific pathological events may also have functions related to those events. We detected 16 unique clusters, and the function of each cluster was interrogated by Gene Ontology (GO) analysis. The average gene expression pattern for each cluster is shown in Fig. 4 , along with representative GO annotations. Additionally, all significant (P Ͻ 0.01) GO biological processes, molecular functions, and cellular components-as well as the genes mapping to each annotation-for each cluster are included in Table S2 in the supplemental material.
Four wave pattern clusters (4, 11, 15, and 16) exhibited increased gene expression at 6 h p.i., and GO analysis revealed enriched annotations for cytokine receptor activity (e.g., IL1R1, IL1R2, IL7R, IL6ST, IL8RA, IL8RB) as well as a few cytokines and antiviral molecules (e.g., IL28A/B, interleukin 29 , IL-9, PF4, and RSAD2/viperin) ( Fig. 4 ; see Table S2 in the supplemental material). We also observed upregulation of genes involved in nitric oxide synthesis (e.g., NOS3) and the regulation of vascular permeability (e.g., LTB4R, VEGFC, FLT1, KDR) (see Table S2 ). These observations indicated that early host differential expression was dominated by genes involved in the initiation of the inflammatory response and further supported our earlier assertion that initial viral recognition events signal the expression of factors that promote leukocyte recruitment.
At intermediate time points (12 h to 3 days), the innate inflammatory response was clearly enhanced, as demonstrated by the continued addition of GO annotations related to this process. Several wave pattern clusters showed strong reactions at 12 h p.i. (2, 8,  9 , and 10), and all except for cluster 8 were upregulated (Fig. 4) . Cluster 9, which exhibited upregulation that peaked at 12 h p.i., was dominated by cytokine genes involved in regulating the functions of a wide array of immune cell types (e.g., TNFSF10/18, IL-15, CCL20, IFNA2/4/8/21, IFNB1, IL1A, IL12A, CCL15/20, IL-13, PPBP, and CXCL14) (see Table S2 in the supplemental material). Clusters 2 and 3, both exhibiting sustained upregulation starting from 12 to 24 h, contained additional cytokine genes and a signature for GO processes related to antiviral signaling functions (e.g., STAT2, TLR3, MYD88, DDX58, and ZC3HAV1/ZAP) and apoptosis (e.g., CASP1, PML, and TNFRSF10B). CCL4, in cluster 6, is a chemokine involved in the recruitment of monocyte/ macrophages and lymphocytes (37) , and PPBP and PF4 (in cluster 9) have potent chemoattractant activity directed toward neutrophils (1, 18, 43) . This is consistent with our pathological findings, which indicated the influx of multiple immune cell types, but especially neutrophils, in the early phase (Fig. 3A) . Moreover, these observations are consistent with abundant viral replication in the lung at 12 to 24 h (Table 1 ) and increasing levels of immune infiltrates and apoptotic debris observed through 3 days (Fig. 3B to D) . In conjunction with the upregulated inflammatory, antiviral, and apoptosis genes during this phase, we also observed downregulation of genes involved in the negative regulation of the inflammatory response (cluster 8) (Fig. 4 ; see also Table S2) .
A shift toward upregulation of genes involved in acquired immunity was observed after day 6 p.i. (Fig. 4 ; see also Table S2 in the supplemental material). Cluster 3-containing genes involved in T cell activation-started to increase gradually from 12 h p.i., peaked at 24 and 6 days p.i., and decreased on day 14 p.i. Additional genes involved in T cell differentiation (e.g., CD28, CD2, ZAP70, and IL-2) and isotype switching (e.g., gamma interferon (IFNG), IL27RA, and IL-2) peaked at 6 days p.i. (cluster 7). Interestingly, cluster 1 was heavily enriched for GO annotations related to mitosis, consistent with our observation of mitotic cells in alveoli on days 3 and 6 p.i. (Fig. 3D and E) . While the exact proliferating cell type cannot be determined based on these data, we suggest that the abundant, late expression of mitosis-related genes, combined with parallel upregulation of adaptive immune processes related to T cells, points toward a mitotic T lymphocyte population in the alveolus during the late stage of infection. Immune cell process GO annotations were limited among genes that exhibited upregulation primarily at day 14 p.i. (cluster 14). However, this cluster was enriched for antigen processing and presentation, consistent with host recovery from disease at this time point (Fig. 4 ; see also Table S2 ).
In sum, the wave pattern analysis is consistent with histopathological findings, and together, these data suggest that Anhui/2-induced pneumonia occurs in three general phases: phase 1 (6 h), where virus exposure induces activation of proinflammatory and chemokine molecules, leading to recruitment of inflammatory cells in the absence of viral antigen expression; phase 2 (12 h to 3 days), where increasing expression of inflammatory, Shinya et al. antiviral, and apoptotic genes occurs concomitantly with abundant viral antigen detection, substantial immune cell infiltration, and cellular apoptosis; and phase 3 (6 to 14 days), where adaptive immune cells, antigen presentation, and regenerative processes predominate.
Lung-specific and systemic cytokine and chemokine protein expression patterns during Anhui/2-induced pneumonia. To complement the histopathological and microarray analyses of Anhui/2-infected lung, we next assessed protein levels of a panel of 10 major inflammatory cytokines and chemokines in both homogenates of infected lung tissues and peripheral blood (Fig. 5) . IL1B, IL-6, IL-8, MCP-1/CCL2, and tumor necrosis factor (TNF) exhibited the earliest consistent upregulation in the lung (at 12 to 24 h), and we also observed moderately increased levels of IFNG at these time points (Fig. 5A) . Interestingly, while IL-6 and IL-8 lung expression was acute and restricted to early time points, MCP-1/ CCL2 and IL1B were continuously detected through 6 days, and TNF and IFNG exhibited a biphasic upregulation pattern (12 to 24 h and 6 days). When considered with histopathological findings, it seems likely that early increases in cytokine and chemokine levels result from the innate response of epithelial cells and macrophages stimulated by virus infection, while later peaks in TNF and IFNG are related to processes associated with adaptive immunity. Systemically, inflammatory molecules tended to be upregulated in a Fig. 3 was subjected to microarray analysis. Hierarchical clustering was used to group the transcriptional response into "wave pattern clusters" exhibiting the same temporal gene expression patterns. Only genes that exhibited differential expression of Ϯ0.3 log 10 (approximately 2-fold change) relative to the mock-infected control in at least one time point were subjected to this analysis. Sixteen clusters were identified, and these were further analyzed for enriched GO categories. For each cluster, we show the average gene expression curve, with the cluster number (e.g., C12) in the lower left corner of the panel and the number of genes per cluster in the upper center area. Selected GO annotations are shown beneath each cluster, and all significant annotations (P Ͻ 0.01) are included in Table S1 in the supplemental material. The time points in which the first response was observed are indicated on the left. biphasic pattern (at 1 to 2 days and at 6 days) (Fig. 5B) , coinciding with the biphasic fever pattern (Fig. 1A) . By day 14 p.i., cytokines and chemokines in both lung and peripheral blood were mostly below the limit of detection (Fig. 5A and B) . These results reflect the three phase pattern of the host response to Anhui/2-induced pneumonia and suggest that multiple cytokines and chemokines contribute to both tissue-localized (i.e., lung) and systemic effects of Anhui/2-associated inflammation.
Time-dependent recruitment patterns for specific immune cell subtypes during Anhui/2-induced pneumonia. To establish a more precise timeline for pulmonary recruitment of specific immune cell subtypes, whose presence is likely to impact both the progression and regression of influenza virus-induced pneumonia, we next analyzed gene expression patterns of transcripts known to be expressed by certain immune cell subtypes (Fig. 6) . Consistent with our histopathological examination, which indicated neutrophilic bronchiolitis at 6 h p.i., and the upregulation of both PF4 and PPBP (neutrophil chemoattractants) at the same time point, we observed a prominent increase in the expression of a neutrophil-specific marker (FCGR3B) (8) in parallel (Fig. 6A) . FCGR3B increased in expression at 12 h and 1 day, peaked in expression on day 3, and was somewhat downregulated thereafter. These data firmly suggest that neutrophils are abundant first responders during Anhui/2 infection of the lung and furthermore imply a strong neutrophil presence through the intermediate and recovery phases of infection. Notably, myeloid progenitor cells (i.e., CD33 ϩ ) exhibited an expression profile that was quite similar to that of FCGR3B, both in timing and magnitude (Fig. 6A) . CD83, a marker for activated dendritic cells (DC), was most prominently expressed at day 1 p.i. but exhibited some upregulation on day 14 as well. Presumably, DC migrate to the lung in response to CCL20, which is upregulated at 12 h p.i. (cluster 9) (Fig. 4 ; see Table S2 in the supplemental material). Macrophage cell markers (CD68 and CD163) exhibited peak expression on day 3 (similar to neutrophils) and were not as highly expressed at subsequent time points. Natural killer cells (FC2GR2; Fig. 6A ) and eosinophils and basophils (CD125 and IL3RA, respectively; data not shown) were generally upregulated from day 1 to day 6 p.i.
In contrast with the innate immune cell markers just described, T lymphocyte markers showed a biphasic pattern of expression, suggesting biphasic recruitment to the lung in response to Anhui/2 infection (Fig. 6B) . Indeed, a general marker for multiple T lymphocyte populations (CD3), as well as markers for cytotoxic (CD8) and regulatory (CD25) T cells, consistently exhibited an initial peak at day 1 p.i., followed by a second more prominent peak on day 6. Similarly, helper T cells (as indicated by CD4 expression levels) showed an early peak on day 1 and a milder level of upregulation on day 6. It is conceivable that the decrease in expression of T cell markers on day 3 is a result of dilution due to prominent increases in neutrophil and macrophage populations (Fig. 6A) . However, we point out that increased T cell marker expression directly coincides with lymphopenia (Fig. 1B) , implying that T cell populations undergo authentic biphasic influx into the lung during influenza virus infection. In addition, the cooccurring biphasic IFNG protein upregulation in lung tissue and serum further supports the biphasic dynamics of T cell populations in response to Anhui/2 infection (Fig. 5) . B cell populations (indicated by CD19 expression) were upregulated early (12 h) and exhibited a stable level for the remainder of the experiment (Fig. 6B) .
In general, these data (i) support our initial observations of the recruitment of multiple immune cell subtypes into bronchioles and alveoli during the initial exposure and early inflammatory phases of infection (6 to h to 3 days; Fig. 3C and D) ; and (iii) indicate that T lymphocytes are the most significant cell population functioning during the late inflammatory and recovery phases of infection (6 to 14 days; Fig.  3E and F) .
Pyrogenic molecules and biphasic fever. As already noted, the biphasic fever observed in this model resembled that seen in some pediatric patients (10, 19) . To investigate the causes of this, we assessed the timing and levels of expression of several well-known pyrogenic factors and their regulators (Fig. 7) . PTGS2/COX2, TNF, IFNG, IL1A, and IL1B all exhibited upregulation at the mRNA level by 12 h p.i., and all except for PTGS2 and IFNG were even more upregulated at day 1 (Fig. 7A) . TNF, IL1B, and IFNG also exhibited upregulation at the protein level at 12 to 24 h in lung, while systemically all three exhibited a protein-level peak at 2 days (Fig. 5) . Since the initial fever peak occurred at days 1 to 2 p.i., these data imply that all of these molecules may contribute to the first phase of the Anhui/2-induced biphasic fever. Among the pyrogenic factors, only IL1B showed continued upregulation at 3 days p.i. (mRNA and protein in lung), when the initial fever was retracted. While the expressions of positive regulators of IL1B activity (7, 22, 25, 29, 36, 39, 52, 56) were consistently upregulated over the course of the experiment (Fig. 7B) , multiple negative regulators of IL1B (i.e., IL1R2, MMP1, MMP3, MMP9, and CARD16) (24, 28, 31, 45, 46) were strongly upregulated at day 3 p.i. (Fig. 7C ). This suggests that the expression of IL1B-negative regulators could be one of the mechanisms responsible for the antipyretic effects seen on day 3, despite the continuous expression of IL1B. Notably, IFNG mRNA and protein expression exhibited a second peak on day 6 in lungs and was also upregulated at the protein level systemically, correlating with the second peak of the biphasic fever (Fig. 5, Fig. 7A ). Given the continued expression of IL1B inhibitors at this time point (Fig. 7C) , it seems likely that the second fever peak is largely regulated by IFNG and/or other factors (e.g., TNF or IL-6).
DISCUSSION
Here, we have developed an integrated, comprehensive model of experimentally induced sublethal influenza virus pneumonia in rhesus macaques. Clinical, virologic, histopathologic, and transcriptional analyses revealed an early host inflammatory reaction to initial viral infection (i.e., within 6 h), which was exacerbated in the presence of abundant viral replication at downstream time points (i.e., 12 h and 3 days) and receded in a delayed manner relative to reductions in viral replication at days 6 to 14 p.i. Immune cell recruitment into the lung occurred in a temporally regulated manner, with neutrophils exhibiting prominent early recruitment and sustained levels, abundant macrophage recruitment from days 1 to 3, and late increases in multiple populations of lymphocytes. A biphasic fever pattern was uniquely associated with this infection model, and we demonstrated that multiple host pyrogenic molecules are likely responsible for early and late fever phases. This work is the first detailed analysis of influenza virus pneumonia in nonhuman primates to encompass such a comprehensive viewpoint. Further, our novel, integrated analysis approach allowed for the correlation of specific host response events and the molecular mechanisms driving these incidents.
Our pathological findings revealed that the Anhui/2 virus targeted cells deep within the lungs, causing pneumonia with marked exudation of proteinaceous edema fluid and severe alveolar damage. However, the number of infected cells decreased over time, inflammation eventually receded, and all animals recovered from acute pneumonia. In humans lethally infected with HPAI H5N1 viruses, diffuse alveolar damage has been observed, along with characteristic fibrin exudates and hyaline membrane formation (34, 38) , indicating severe capillary damage and impairment of host immune reactions. In Anhui/2-infected macaques, lung lesions lacked massive fibrin exudates and hyaline membranes and rather were characterized by a large infiltration of immune cell components. This was established at the microscopic level (Fig. 3) and was further verified by analysis of the global transcriptional profile over the course of infection ( Fig. 4 ; see Table S2 in the supplemental material). Our model, therefore, seems to represent a milder pneumonia with significant immune reactions compared to lethal HPAI H5N1 human cases.
Although several previous studies have addressed the pathogenesis of different influenza viruses in other macaque species (2, 3, 11, 24, 30, 42) , this is the first report to describe the host response as early as 6 h after virus exposure. Neither gross lesions nor antigen-positive cells could be detected at this time point. However, microscopically, we observed neutrophil infiltration and serum leakage at the junctions between the terminal bronchioles and respiratory bronchioles. Serum leakage is a direct indicator of changes in capillary permeability, and this host condition was supported by microarray data of the earliest transcriptional response clusters, which included molecules involved in regulating vascular permeability (e.g., LTB4R, VEGFC, FLT1, KDR) (see Table S2 ). In conjunction, transcriptional analyses also revealed upregulation of neutrophil-attracting chemokines (e.g., PF4/ CXCL4 and PPBP/CXCL7) (see Table S2 ) (1, 18, 43) as early as 6 h after influenza virus exposure. Thus, the combination of upregulation of neutrophil chemoattractant expression and increased vascular permeability are likely key host responses involved in initiation of early neutrophil migration into influenza virus-infected lungs. Interestingly, we have recently shown that PF4 and PPBP are highly transcriptionally upregulated in human bronchial epithelial cells infected with an HPAI H5N1 virus (32) . Since viral antigen could be detected in bronchial epithelium in macaque lung as early as 12 h after virus exposure (Fig. 3) , it is likely that these cells contribute, at least in part, to early neutrophilic infiltrations.
In our macaque-Anhui/2 infection model, we observed biphasic patterns for both fever and lymphopenia. While humans lethally infected with HPAI H5N1 viruses also experienced fever and lymphopenia, no biphasic patterns have been reported (6, 12, 55) . Additionally, biphasic fevers are usually not observed in adult patients infected with seasonal influenza viruses (16) . Rather, our findings most closely resembled fever patterns in pediatric patients who developed pneumonia after infection with seasonal influenza viruses, with or without secondary bacterial infection (10, 19) . Since secondary bacterial pneumonia was not implicated in this model, we conclude that the biphasic fever was induced by pure viral pneumonia. Global transcriptional profiles of several pyrogenic molecules indicated different control mechanisms for each fever curve, with the first wave likely regulated by the combined effects of TNF, IFNG, IL1A, and IL1B and the second wave likely regulated by IFNG only. In sum, this is the first study to replicate pneumonia-associated biphasic fevers in an animal model of influenza virus infection and to identify putative molecular mechanisms responsible for this observation.
Pure viral pneumonia occurs in the early phase of new pandemics, when influenza virus-associated deaths typically peak (5, 21, 40) . A more specific understanding of the mechanisms regulating this disease process is essential in the strategy for controlling human mortality associated with pandemic viruses. The macaque model presented here exhibits features that are consistent with viral pneumonia in humans and has yielded important findings for understanding the early molecular events that regulate the pneumonia-associated host response. Furthermore, this unique model system provides the basis for testing specific preventative or control measures aimed at managing influenza virus-induced pneumonic disease.
